INTRODUCTION
Inflammatory bowel diseases (IBD), including Crohn's disease and ulcerative colitis (UC), are chronically relapsing, immunemediated disorders of still unknown etiology. Genome-wide association studies in IBD patients identified genetic risk loci related to the loss of intestinal epithelial cell (IEC) homeostasis. [1] [2] [3] [4] Genetic predispositions increasing susceptibility to chronic inflammation affect innate immune mechanisms and cellular stress responses relevant for intestinal barrier function and microbial defense. Unfolded protein responses (UPR) of the endoplasmic reticulum (ER) and mitochondria represent cellular stress responses known to be involved in the pathogenesis of intestinal inflammation. Induction of UPR-related mechanisms is associated with changes in intestinal permeability, epithelial regeneration, or apoptosis as well as alterations in synthesis and secretion of antimicrobial substances. [5] [6] [7] [8] One of the transcription factors strongly involved in UPRrelated cell death is C/EBP homologous protein (CHOP), also called GADD153 (growth arrest-and DNA damage-inducible gene 153). 9 CHOP belongs to the family of bZIP transcription factors and is expressed at low levels under physiological conditions. 10 The expression of CHOP is tightly regulated on both posttranscriptional and posttranslational levels. Upon stress, such as hypoxia, nutrient deprivation, and protein misfolding or malfolding in the ER and mitochondria, CHOP levels increase. [11] [12] [13] [14] [15] The transcriptional activation of CHOP protein is further dependent on stress-induced protein phosphorylation and heterodimer formation. 10, [16] [17] [18] [19] [20] Dimerization with CHOP protein attenuates the binding capacity of most binding partners to specific DNA sequences; however, unique DNA recognition sites are activated, which cause the expression of so-called downstream target genes of CHOP. 21 Among those are genes such as Bcl-2, Atf3, Trb3, Ero1a, Gadd34, and Bim, known to promote pro-apoptotic signaling. [22] [23] [24] [25] [26] In line, CHOP knockout mice show reduced intestinal apoptosis in response to experimental colitis. 27 Interestingly, studies in UC patients indicate that both CHOP mRNA and protein expression is significantly decreased, 28 even though ER UPR and mitochondria UPR were shown to be activated under inflammatory conditions. 8, 27 Accordingly, we observed downregulation of CHOP mRNA and protein expression in different animal models of colitis. To elucidate the possible effects of the selective downregulation of CHOP under inflammatory conditions and to investigate the functional consequences of sustained CHOP protein expression in a tissue-specific resolution, we generated Chop IEC Tg/Tg mice that express high levels of CHOP protein restricted to the IEC layer.
RESULTS

CHOP mRNA and protein expression is reduced in IECs under chronic inflammatory conditions
Previous studies with UC patients have shown that both CHOP mRNA and protein expression is downregulated in colonic tissue under inflammatory conditions. 28 We obtained similar results analyzing CHOP mRNA and protein expression in IEC isolates derived from mouse models of T-cell-mediated and bacteria-driven chronic colitis. In the adoptive transfer model of colitis (Rag2 À / À and Rag2 À / À Â IL-10 À / À ), the downregulation of CHOP in IECs was evident 4 weeks after the transfer of colitogenic T cells derived from wild-type (WT) and IL-10 À / À donor mice (Figure 1a-c) . Similar results were shown after mono-or dual-association of germ-free IL-10 À / À mice with Enterococcus faecalis and/or Escherichia coli for 16 weeks (Figure 1d ). The reduction of CHOP mRNA and protein expression was found to be highly associated with increasing histopathological scores. At the same time, the expression of the ER UPR-marker glucose-regulated protein 78 (GRP78) was induced, indicating a dissociation between UPR activation and CHOP expression in chronic intestinal inflammation. To further investigate the functional role of CHOP protein in the intestinal epithelium, we generated the mouse model Chop IEC Tg/Tg that expresses high levels of CHOP restricted to IECs.
Chop
IEC Tg/Tg mice do not spontaneously develop an inflammatory disease phenotype
IEC Tg/Tg mice were generated as mentioned in Materials and methods (Figure 2a) . The IEC-restricted overexpression of hemagglutinin (HA)-tagged CHOP was shown on mRNA level in laser-microdissected cells derived from the intestinal epithelium, lamina propria, and muscularis of Chop IEC Tg/Tg mice and WT controls (Figure 2b) . Chop IEC Tg/Tg mice also exhibit high expression of CHOP mRNA and protein in isolated IECs derived from the small and large intestine (Figure 2c ; see Supplementary Figure S1 online). The average induction of CHOP mRNA was around 30-fold than that of WT controls. Both anti-HA and anti-CHOP antibodies were used for western blotting analyses to confirm the expression of transgenic CHOP protein. Bands obtained by anti-CHOP and anti-HA antibodies, respectively, indicated a shift in molecular weight from B26 to B30 kDa, suggesting posttranslational modifications. To ensure the capability of the transgenic protein to act as transcription factor, the nuclear localization of CHOP-HA was demonstrated by immunflouresence staining using anti-HA antibody (Figure 2d ). Yet, Chop IEC Tg/Tg mice do not develop any spontaneous phenotype in the intestine, and epithelial morphology of transgenic mice at different ages appeared comparable to WT controls with respect to villus height, crypt depth, and mucus area ( Figure 3 ; see Supplementary Figure S2 ). Despite the fact that IECs overexpress an apoptosis-associated protein, the numbers of both cleaved caspase 3 (cC3)-and Ki-67-positive IECs remained unaltered, indicating neither enhanced apoptosis nor changes in proliferation (Figure 3b-d and see Supplementary Figure S2 ).
IEC-specific overexpression of CHOP protein aggravates dextran sodium sulfate (DSS)-induced colitis
To examine the impact of IEC-restricted CHOP overexpression in a chemically induced colitis model, we applied three different DSS protocols. 2% DSS was orally administered for 3 and 7 days to examine early and late acute effects. Additionally, 2% DSS was given for 5 days followed by 5 days of normal drinking water to investigate intestinal recovery. At all the investigated time points, transgenic mice were more susceptible to DSS-induced mucosal injury, as reflected by significantly increased histological scores (Figure 4a,b ; Table 1) , body weight decrease, and elevated Disease Activity Index (see Supplementary Figure S3 A, B). After 3 days of DSS treatment, the more severe effect seen in Chop IEC Tg/Tg mice was accompanied by the increased numbers of infiltrating macrophages and antigen-presenting cells, but not B or T cells (Figure 4c-f) . In this early acute phase of inflammation, also the numbers of cC3-positive (apoptotic) IECs were elevated when compared with DSS-treated WT mice (Figure 5a,b) . Interestingly, the dissociation of UPR activation and reduced CHOP expression demonstrated in the models of chronic intestinal inflammation (Figure 1c,d ) was confirmed in WT mice suffering from acute DSS-induced colitis after 3 and 7 days of treatment ( Figure 5c ; see Supplementary Figure S3C ). In contrast, during the recovery phase after DSS treatment, CHOP protein levels seemed to be unchanged while GRP78 expression decreased (Figure 5e ). None of the three applied DSS protocols had an impact on the CAG promoter-driven transgene expression in Chop IEC Tg/Tg mice (Figure 5c ,e; see Supplementary Figure S3C ). In contrast to CHOP protein, mRNA levels of Gadd34 and Ero1a, genes belonging to the group of ARTICLES MucosalImmunology | VOLUME 7 NUMBER 6 | NOVEMBER 2014 downstream target genes of CHOP, were significantly upregulated in the 3 days of DSS treatment groups. The induction of Gadd34 and Ero1a was more pronounced in Chop IEC Tg/Tg mice ( Figure 5d ). Yet, the difference in Gadd34 and Ero1a expression between WT and transgenic mice was not observed in the recovery phase (Figure 5f ). IEC Tg/Tg mice and WT controls were stained with alcian blue (n ¼ 5). Villus height, crypt depth, total epithelial area, and mucus area were measured, and means were calculated. Mucus area is given as a percentage of total epithelial area. (c) Caspase 3 cleavage was analyzed by immunohistochemistry. The numbers of apoptotic cells were assessed by counting cC3-positive epithelial cells in a total epithelial area of 1 mm 2 (arrows). Positive control staining was performed using distal colon from Chop IEC Tg/Tg mice that was incubated ex vivo with 1 mM staurosporine for 2 h at 37 1C. (d) The numbers of proliferating cells were determined by applying anti-Ki-67 antibody on tissue sections of dI and dC from TG mice and WT controls (n ¼ 5). Means were calculated as the numbers of proliferating cells per crypt. Scale bars for all tissue sections represent 50 mm (dI) and 100 mm (dC). All data sets were analyzed by non-parametric rank-sum test, Po0.05, Po0.01, and Po0.001 were considered statistically significant. NS, not significant.
Figure 4 Chop
IEC Tg/Tg mice are more susceptible to dextran sodium sulfate (DSS)-induced colitis. (a) Transgenic (TG) mice and wild-type (WT) controls (n ¼ 5-6) were orally administered water and 2% of DSS for 3 and 7 days, respectively. Histological scores of colon tissue sections from DSStreated and water-treated mice were blindly assessed. Bar ¼ 200 mm. Data sets of water-treated as well as 3d and 7d DSS-treated mice were analyzed by two-way ANOVA with genotype and DSS treatment as main factors followed by multiple comparison procedure by Holm-Sidak method, Po0.05, Po0.01, and Po0.001 were considered statistically significant. (b) Mice (n ¼ 6) were given 2% DSS for 5 days followed by a period of 5 days for recovery. Histological scores of colon sections from DSS-treated and water-treated mice were blindly assessed. Bar ¼ 200 mm. Statistical significance of data sets from mice in recovery was evaluated by non-parametric rank-sum test. Po0.05, Po0.01, and Po0.001 were considered statistically significant. Arrows indicate DSS-induced mucosal tissue damage. (c-f) The numbers of infiltrating MHCII þ antigen-presenting cells, F4/80 þ macrophages, CD3 þ T cells, and B220 þ B cells were determined by applying the respective antibody on tissue sections of dC from TG mice and WT controls (n ¼ 5). Bar ¼ 100 mm. All data sets were analyzed by non-parametric rank-sum test, Po0.05 and Po0.01 were considered statistically significant. NS, not significant.
As the differences observed between WT and Chop
IEC Tg/Tg mice regarding cC3-positive IECs were quite small considering the overall induction comparing the DSS-treated and water control groups (Figures 3c and 5a,b) , it seemed unlikely that enhanced apoptosis was causative for the more pronounced epithelial damage. Furthermore, the results obtained by the DSS recovery experiment could also hint toward a delayed wound closure/healing process.
Mucosal tissue regeneration is impaired in Chop
IEC Tg/Tg mice after mechanical injury Regeneration of the intestinal epithelium is one of the most important properties required for maintaining epithelial integrity, in particular under conditions of acute and chronic inflammation. 29 Concluding the results from the chemically (DSS)-induced colitis, we next sought to investigate intestinal wound healing in a more specific approach. To determine whether healing was impaired in disease-free Chop IEC Tg/Tg mice compared with WT mice, mucosal wounds were mechanically induced in the colon using biopsy clamps. Wound closure was monitored by video colonoscopy on days 0, 1, 2, 3 and 5 after wound induction, and wound diameters as the percentage of initial wound size were calculated (Figure 6a,b) . In transgenic mice, wound closure was significantly delayed from day 2 onwards, whereby 3 out of the 6 animals were sampled after colonoscopic inspection on day 3 for further Data sets H2O, 3d 2% DSS, and 7d 2% DSS were analyzed by TWA with genotype and DSS treatment as main factors followed by multiple comparison procedure by HolmSidak method, *Po0.05,**Po0.01, and ***Po0.001 were considered statistically significant. Statistical significance of 5d 2% DSS þ 5d H 2 O was evaluated by non-parametric rank-sum test, *Po0.05,**Po0.01, and ***Po0.001 were considered statistically significant. wound inspection at the histological level, leading to a group size of n ¼ 3 for day 5 (data not shown). Histological evaluation of wounds confirmed that the IEC layer in Chop IEC Tg/Tg mice was not completely reconstituted even 5 days after wound induction, whereby no signs of apoptosis were found in the wound regions (Figure 6c ). Immunfluorecence staining for Vimentin and CD19 indicated a more profound fibrosis with concurrently reduced infiltration of B cells in the wound beds of transgenic mice. (Figure 6d,e) . This is in line with literature indicating CD19-positive B cells to actively promote cutaneous wound healing. 30 An enhanced presence of CD19-positive B cells in the mucosa was also confirmed during recovery from DSS treatment (but not after 3 days of DSS treatment), with no significant differences between transgenic and WT mice (Figure 6f,g ). Using the mechanical injury approach, we were able to show that Chop IEC Tg/Tg mice are impaired in their wound-healing capacity, independently of different grades of inflammation similar to that in the DSS experiments.
IEC-specific overexpression of CHOP protein affects cell proliferation
A possible explanation for the phenotype observed in the mucosal wound-healing assay would be an altered IEC proliferation behavior. Even though CHOP is widely discussed as an apoptosis-related protein, recently published studies suggest a functional correlation between CHOP expression and proliferation. 16, [31] [32] [33] Yet, in untreated Chop IEC Tg/Tg mice, the numbers of Ki-67-positive IECs remained unaltered, indicating no changes in the total number of cells in active phases of the cell cycle (G1, S, G2, and mitosis) (Figure 3d ). To further investigate whether CHOP causes functional disturbances in IEC proliferation, in vivo bromodeoxyuridine (BrdU) labeling was performed in untreated mice. BrdU is only incorporated into newly synthesized DNA during the S phase of the cell cycle, therefore giving a picture distinct from Ki-67 (Figure 7a) . Indeed, while the numbers of colonic Ki-67-positive cells remained unaltered, the numbers of BrdU-positive cells were . Bar ¼ 100 mm. Statistical significance was evaluated by non-parametric rank-sum test. Po0.05 was considered statistically significant. (c) Western blotting analysis was performed by using antibodies against CHOP, glucose-regulated protein 78 (GRP78) and HA tag; anti-b-actin antibody was used as a loading control. (d) Expression of CHOP target genes Ero1a and Gadd34 was analyzed by quantitative PCR (qPCR). Data sets were analyzed by two-way ANOVA (TWA) with genotype and DSS treatment as main factors followed by multiple comparison procedure by Holm-Sidak method, Po0.05, Po0.01, and Po0.001 were considered statistically significant. (e) Colonic IECs were isolated from 5d DSS-treated transgenic (TG) mice and wild-type (WT) controls after a period of 5 days for recovery. Western blotting on IEC lysates was performed using anti-CHOP, anti-GRP78, anti-HA, and anti-b-actin antibodies. (f) mRNA expression of Gadd34 and Ero1a was analyzed by qPCR. Data sets were analyzed by TWA with genotype and DSS treatment as main factors followed by multiple comparison procedure by Holm-Sidak method, Po0.05, Po0.01, and Po0.001 were considered statistically significant. NS, not significant. (Figure 8a) . Again, a slight shift in molecular weight was observed, indicative of posttranslational modifications. In line, Wang and Ron 19 found CHOP to be phosphorylated by the p38 mitogen-activated protein (MAP) kinase at serine residues 78 and 81, which seemed to be crucial for the transcriptional activation of CHOP. Even though we demonstrated CHOP-HA to be nuclear localized in Chop IEC Tg/Tg mice (Figure 2d) , we choose to generate a mutant form of CHOP with the specific serine residues replaced by alanine [S78/81A], enabling us to investigate the impact of phosphorylated and non-phosphorylated CHOP on cell cycle progression. Analysis of stably transfected ptk6:CHOP-HA and ptk6:[S78/81A] cells demonstrated CHOP-HA protein to be posttranslationally modified at the p38 MAP kinase-specific phosphorylation sites (Figure 8b) . Interestingly, both CHOP-HA as well as CHOP-HA[S78/81A] were found to be nuclear localized, indicating CHOP to act as transcription factor independently of the phosphorylation status of the serine residues 78 and 81 (Figure 8c) . Overexpression of both proteins lead to decreased ptk6 cell proliferation, which was not associated with enhanced apoptosis or necrosis (Figure 8d,e) . As Barone et al. reported that CHOP might impact on cell cycle progression by inducing an G1 arrest, 34 we used propidium iodide DNA staining and flow cytometry to assess the impact of CHOP-HA and CHOP-HA[S78/81A] on epithelial cell cycle. Indeed, CHOP-HA caused an accumulation of cells in G1 concomitant with the decreased numbers of cells in G2, yet, overexpression of CHOP-HA[S78/81A] resulted in the increased numbers of cells in G2 and reduced the numbers of cells in the G1 phase (Figure 8f,g ). These results were reflected in an in vitro scratch closure assay, which showed a delayed wound closure for cells overexpressing both forms of CHOP (see Supplementary Figure S4 ). The effect was even more pronounced in ptk6:[S78/81A] cells.
DISCUSSION
The activation of UPR signaling in the epithelium of IBD patients and the data on the concurrent downregulation of the UPR target gene CHOP appear to be in conflict. 28 We confirmed these findings in three independent mouse models, T-cell-mediated and bacteria-driven chronic colitis as well as DSS-induced acute colitis; however, the mechanism of CHOP downregulation remains elusive.
Most insights into the functional role of CHOP in the context of intestinal inflammation have been gained in studies using complete CHOP knockout mice. These mice show a decreased susceptibility towards DSS and 2,4,6-trinitrobenzenesulfonic acid challenges. This effect was attributed to reduced proapoptotic signaling in the mucosa likely as a consequence of 
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In line with the data from the CHOP knockout mice, Chop IEC Tg/Tg mice were more susceptible to DSS-induced colitis and show increased numbers of infiltrating macrophages and antigen-presenting cells at the early time point. Yet, Chop IEC Tg/Tg mice did neither show a spontaneous phenotype nor substantially increased IEC apoptosis even after acute 3d DSS challenge. As Chop IEC Tg/Tg mice show more pronounced mucosal damage, the slight increase of cC3-positive IECs seen in response to 3d DSS treatment might simply reflect a more severe disease stage. Particularly, when considering that the overall difference between WT and Chop IEC Tg/Tg mice was minor compared with the induction of apoptosis in the DSS-treated vs. control groups. The same holds true for the pro-apoptotic CHOP target genes Gadd34 and Ero1a. Both exhibited only a minor elevation of expression in Chop IEC Tg/Tg mice compared with wild-type animals after 3d DSS challenge. In addition, these genes seemed to be regulated independently of CHOP 36 in this setup, as wild-type animals show induced expression levels despite the fact of lowered CHOP protein expression. In CHOP knockout mice, the decreased susceptibility to chemically induced colitis has been attributed, at least in part, to reduced expression levels and subsequently decreased Ero1a-mediated reactive oxygen species production. 27 Taking on the sporadic reports from literature stating a role for CHOP in proliferation 16, [31] [32] [33] and cell cycle progression, 34 we found compelling evidence for CHOP-mediated retardation of IEC proliferation. The patchy distribution of lesions induced by DSS made it impossible to evaluate whether recovery of mice was delayed owing to impaired re-epithelialization and IEC proliferation or enlarged wounds. However, investigating mechanically induced colonic injuries confirmed transgenic mice to be retarded in mucosal healing independent of acute inflammation or enhanced apoptosis. Decreased tissue regeneration in Chop IEC Tg/Tg mice was associated with lower numbers of mucosal-infiltrating CD19-positive lymphocytes, which have recently been reported to contribute to wound healing in skin tissue. 30 In contrast, during recovery from DSS treatment, WT and transgenic mice displayed equal numbers of CD19-positive cells in the mucosa, suggesting that infiltration of cells was just delayed, but not diminished in mechanically Chop IEC Tg/Tg mice. Intestinal wound healing comprises three cellular events with regard to re-epithelialization, IEC restitution, proliferation and differentiation. 37 In the context of DSS, Araki et al. 38 demonstrated that the onset of colitis was promoted by reduced epithelial turnover rates associated with enhanced apoptosis of IEC. BrdU labeling of disease-free Chop IEC Tg/Tg mice revealed reduced numbers of BrdU-positive IECs with concurrently retarded IEC migration rates. As the total numbers of proliferative colonic IECs remained unaffected, we assume that the numbers of cells entering the S phase for DNA replication is reduced, which in turn results in an accumulation of IEC in G1. These findings, which were also confirmed in vitro, are appealing for explaining the phenotype observed in the challenged Chop IEC Tg/Tg mice. In conclusion, the downregulation of CHOP might represent a protective mechanism promoting IEC proliferation to enhance mucosal healing in response to inflammatory or exogenous injuries ( Figure 9) . Our data furthermore suggest that the regulation of CHOP was independent of activated UPR signaling in mouse models of acute and chronic colitis and that IEC-specific overexpression of CHOP impaired epithelial integrity independently of apoptotic mechanisms. Consistently, recent studies demonstrate that mice carrying epithelial cell-specific modifications in genes implicated in cell proliferation and survival display delayed epithelial regeneration in response to acetic acidinduced ulceration, mechanical injury, and DSS treatment. [39] [40] [41] Although CHOP-induced defects in IEC proliferation might diminish the regenerative ability of the epithelial lining, epithelial integrity was maintained under non-challenged conditions. Noteworthy, CHOP can be posttranslationally modified by various kinases and does not possess a functional nuclear localization site, making nuclear translocation strongly dependent on heterodimer formation. 16, 19 In this context, phosphorylation at serine residues 79/82 (human) and 78/81 (mouse) by the stress-induced p38 MAP kinase has been associated with enhanced transcriptional activity of CHOP following prolonged ER stress, favoring apoptosis of affected cells. 19 Our in vitro data suggest CHOP-HA to be partly modified by phosphorylation at the p38 MAP kinase-specific phosphorylation sites, resulting in a band pattern also observed in Chop IEC Tg/Tg mice. However, we could not find evidence for altered phosphorylation patterns in response to mucosal insults in vivo, and also the in vitro data indicated that effects of CHOP on IEC proliferation were independent of its phosphorylation status at serine residues 78/81. Yet, CHOP-HA caused accumulation of cells in G1 while the mutant form resulted in G2 accumulation, pointing to the possibility that even though the impact on cell cycle seems to be specific, it might be mediated by different binding partners of phosphorylated and unphosphorylated CHOP. Under non-diseased conditions, Chop IEC Tg/Tg mice seemed to be able to compensate for, or to be unaffected by, the slower migration rate of IECs. This is true despite the fact that CHOP is implicated in Wnt-signaling pathways 42 as well as in mechanisms underlying the loss of stem cell properties. 31 This might be due to the Villin-driven Cre expression, which might preferentially target transit-amplifying cells rather than Lgr5-positive stem cells, causing reduced proliferation rates predominantly in transit-amplifying cells.
Increasing rates of both IEC proliferation and apoptosis have been observed in UC patients, while CHOP mRNA and protein expression were shown to be reduced in UC. 28, 43, 44 According to our data, high CHOP expression in IEC could promote disease progression in IBD, while the downregulation of CHOP in UC might reflect a protective mechanism underlying the regulation of IEC proliferation in inflamed tissue. Notably, persistent IBD is associated with steadily rising risk for developing colorectal cancer. 45 These findings suggest that clinical therapies in acute disease need to maintain low expression levels of CHOP to promote a fast healing process in the colon, while patients in remission may require higher CHOP level to inhibit uncontrolled proliferation and tumor development. Adoptive T-cell transfer and bacterial associations. Adoptive T -cell transfer experiments and bacterial mono-and dual-association with colitogenic E. faecalis and/or E. coli were performed as previously described. 8 IECs were isolated from cecal and colonic tissues and pooled for mRNA and protein expression analysis, respectively. Histological scores were blindly assessed for cecal and colonic tissues, and means were calculated.
Generation of Chop
Rosa26 flox/flox WT controls. C57BL/6N mice were used for knock-in mutagenesis to generate the Chop Rosa26 flox/flox strain purchased from Taconic (TaconicArtemis GmbH, Cologne, Germany). Therefore, a construct containing the high responsive CAGGS promoter and coding sequence for murine CHOP protein with HA tagged to the C-terminus was introduced into the Rosa26 locus. Promoter-associated floxed STOP sequence inhibits the expression of the transgene.
Generation of homozygote Chop
IEC Tg/Tg mouse model. Homozygote Chop Rosa26 flox/flox females were mated with males expressing Cre recombinase under the control of a 9-kb regulatory region of mouse villin promoter. 46 Homozygote Chop Rosa26 flox/flox and Chop IEC Tg/Tg mice were used for intercrossed breeding to generate adequate WT controls and conditionally CHOP-HA overexpressing mice (TG).
Chromoendoscopy. Chromoendoscopy was performed using 1% methylene blue (Sigma-Aldrich, Taufkirchen, Germany). Colonic crypt pattern were analyzed by video colonoscopy (KARL STORZ GmbH, Tuttlingen, Germany).
DSS-induced colitis. Male littermates aged 12 weeks received 2% (w/v) DSS (MP Biomedicals, Eschwege, Germany) in drinking water for 3 and 7 days. Examination of epithelial repair in experimental colitis was performed by providing 2% (w/v) DSS in drinking water for 5 days followed by a period of 5 days for recovery. Disease Activity Index was scored daily as previously described. 8 After treatment, mice were killed by CO 2 . The colon was opened longitudinally and carefully cut into two pieces. One half was used for IEC isolation, the other one was fixed in 4% neutral-buffered formalin.
Histopathological analysis. Histological scoring was performed on hematoxylin and eosin-stained tissue sections by blindly assessing the degree of inflammation as previously described. 47 Colonic tissue sections were scored for epithelial damage (0 ¼ normal; 1 ¼ hyperproliferation, irregular crypts, and goblet cell loss; 2 ¼ mild-tomoderate crypt loss (10-50%); 3 ¼ severe crypt loss (50-90%); 4 ¼ complete crypt loss, surface epithelium intact; 5 ¼ small-to mediumsized ulcer (o10 crypt widths); and 6 ¼ large ulcer (X10 crypt Figure 9 Postulated mechanism of C/EBP homologous protein (CHOP) downregulation under acute and chronic inflammatory conditions. (a) Summarized results of the transgenic approach using Chop IEC Tg/Tg mice. Overexpression of CHOP protein results in increased posttranslational modification of CHOP at p38-specific phosphorylation sites, serine residues 78 and 81. As CHOP is suggested to lack a functional nuclear localization signal, nuclear translocation is mediated by heterodimer formation with CHOP-binding partner X. Enhanced CHOP protein expression impacts on cell cycle progression by inducing accumulation of cells in G1, which in vitro is rather associated with depletion of cells in G2/M. The CHOP-mediated delay in cell cycle progression is suggested to lead to the impaired proliferative capacity of colonic intestinal epithelial cell in transgenic mice, which consequently affects the cell migration rate along the crypt axis associated with impaired epithelial cell regeneration upon colonic mucosal injury. (b) Proposed function of CHOP downregulation in response to acute and chronic intestinal inflammatory conditions. Downregulation of CHOP at the level of mRNA and protein expression is suggested to contribute to protective mechanisms involved in the maintenance of epithelial cell proliferation upon inflammatory conditions. widths)) and infiltration of inflammatory cells (mucosa (0 ¼ normal, 1 ¼ mild, 2 ¼ modest, 3 ¼ severe), submucosa (0 ¼ normal, 1 ¼ mild to modest, 2 ¼ severe), and muscle/serosa (0 ¼ normal, 1 ¼ moderate to severe)). Calculated mean scores ranged from 0 (not inflamed) to 12 (massively inflamed). For mono-and dual-association experiments, histopathological scores were assigned as previously described. 48 In vivo wound-healing assay. In vivo wound healing was performed as previously described. 49 Mice were anesthetized using isoflurane inhalational anesthesia. Colonic mucosal lesions with a diameter of 800 mm were induced in Chop Rosa26 flox/flox and Chop IEC Tg/Tg mice (n ¼ 6) using a biopsy clamp. Wound healing was monitored by video colonoscopy (KARL STORZ GmbH) on days 0, 1, 2, 3, and 5 and assessed by calculating wound diameter relative to initial wound size. Mice were killed by cervical dislocation on days 3 and 5 (n ¼ 3 per group and day), and colonic tissue, including the wound region, was fixed in 4% neutral-buffered formalin.
In vivo BrdU labeling. Chop IEC Tg/Tg mice and WT controls were intraperitoneally injected with BrdU labeling reagent (Life Technologies GmbH, Karlsruhe, Germany). Mice (n ¼ 5) were killed on days 1 and 3 after injection by cervical dislocation. Colonic tissue was fixed in 4% neutral-buffered formalin for paraffin embedding. Detection of BrdU-positive cells was performed by using the BrdU In-situ Detection Kit following the manufacturer's instructions (BD Biosciences, Heidelberg, Germany).
Laser capture microdissection. A total area of 2,000,000 mm 2 was microdissected from epithelium, lamina propria, and muscularis by using the UV laser-cutting system LMD 6000 and the Leica Application Suite software (Leica Microsystems GmbH, Nussloch, Germany). Total RNA was prepared using RNeasy Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer's instructions.
Isolation of IECs. IECs were isolated by subsequent incubation of the intestine in Dulbecco's modified Eagle's medium and phosphatebuffered saline (PBS) supplemented with 10 mM dithiothreitol and 1.5 mM EDTA, respectively, as further described in Supplementary Methods.
Histology and tissue staining. Intestinal tissue fixed in 4% neutralbuffered formalin was used for paraffin embedding (Leica Microsystems GmbH). Tissue staining, immunohistochemistry, and immunofluorescence were performed as described in Supplementary Methods.
Gene expression analysis. Total RNA was isolated using the columnbased NucleoSpin RNAII kit (Macherey-Nagel GmbHDüren, Germany) according to the manufacturer's instructions. Complementary DNA was prepared using the SuperScript First-Strand Synthesis System (Life Technologies GmbH). Quantification of gene expression was performed on LightCycler 480 System using the Universal ProbeLibrary System (Roche Diagnostics GmbH, Mannheim, Germany) and gene-specific primers for CHOP for_5
Western blotting analysis. Total protein concentration of ultrasonicated samples was determined by Bradford Assay (Carl Roth GmbH, Karlsruhe, Germany) according to the manufacturer's instructions. Sample volumes containing 20 mg of protein were diluted with 5 Â sodium dodecyl sulfate buffer and incubated for 10 min at 95 1C. Also, 12.5% reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis was performed followed by semi-dry blotting using polyvinylidene difluoride membranes. Blocking was performed using 5% milk powder/1 Â TBS/0.1% Tween-20 (TBST) for 1 h at room temperature (RT). Primary antibodies anti-HA (1:1000, 14-6756, eBioscience, Frannkfurt, Germany), anti-CHOP (1:1000, sc-575, Santa
Cruz Biotechnology, Heidelberg, Germany), anti-GRP78 (1:4000, G9043, Sigma-Aldrich), and anti-b-actin (1:2000, no.4970, Cell Signaling Technology, Frankfurt, Germany; 1:1000, ICN, Costa Mesa, CA) were applied overnight at 4 1C. Membranes were washed three times with TBST. Incubation with appropriate horseradish peroxidase-conjugated secondary antibody anti-rabbit (1:4000, Dianova, Hamburg, Germany) was carried out for 1 h at RT followed by washing with TBST. The respective immunoreactive protein was detected by using an enhanced chemiluminescence light-detecting kit (GE Healthcare, Uppsala, Sweden).
Generation of pcDNA3.1(-)-CHOP-HA. Total RNA was extracted from C57BL/6N embryo 7.5 dpc (Macherey-Nagel GmbH), and cDNA library was generated by using the SuperScript Reverse Transcriptase (Life Technologies GmbH). Cloning of Gadd153 cDNA was performed by using primer pairs for_5 0 -TATCATGTTGAAGATGAGCGGGTG-3 0 , rev_5 0 -caatgtaccgtctatgtgcaagcc-3 0 , and for_5 0 -AGAATTCACCATGG CAGCTGAGTCCCTGC-3 0 , rev_5 0 -AGCGGCCGCTGCTTGGTGCA GG-3 0 (Sigma-Aldrich). PCR product and HA-tag oligomer were digested with NotI and ligated using the Quick Ligation Kit following the manufacturer's instructions (New England Biolabs, Frankfurt, Germany). Ligation product was amplified by using primer pairs for_5 0 -AGAATTCACCATGGCAGCTGAGTCCCTGC-3 0 and rev_5 0 -A GGATCCCTAAGCGTAATCTGGAACATCGTATGGG-3 0 and inserted into pcDNA3.1(-)-Hygro by using EcoRI and BamHI restriction sites (New England Biolabs).
Site-directed mutagenesis. Site-directed mutagenesis of CHOP-HA was performed by overlap extension PCR using Phusion Hot Start II High-Fidelity DNA Polymerase (New England Biolabs). Following primer pairs were used to create CHOP-HA mutant [S78/81A]: S78/81A for_5 0 -ACACGCACATCCCAAGCCCCTCGCGCTCCAGAT TCCAGTCAGAG-3 0 and rev_5 0 -CTCTGACTGGAATCTGGAGCGCG AGGGGCTTGGGATGTGCGTGT-3 0 . PCR reactions were performed using the cycle conditions: 1 Â 3 min at 95 1C; 25 Â 1 min at 95 1C, 1 min at 52 1C, 1 min at 72 1C; and 1 Â 7 min at 72 1C.
Cell culture and transfection. Ptk6 cells were cultured in RPMI1640 as previously described. 50 Plasmid DNA transfection was performed by using Fugene 6 (Promega, Mannheim, Germany).
Determination of cellular proliferation, necrosis, and apoptosis.
Determination of ptk6 cell proliferation was performed by using Cell Proliferation enzyme-linked immunosorbent assay and BrdU labeling following the manufacturer's instructions (Roche Diagnostics). Markers of cell death were monitored in stable ptk6 cell lines by seeding 20,000 cells ml À 1 into 24-well plates and determining the numbers of necrotic cells by trypan blue staining. For TUNEL (terminal deoxinucleotidyl transferase-mediated dUTP-fluorescein nick end labeling) assay, 100,000 cells ml À 1 were seeded into 24-well plates and the numbers of apoptotic cells were assessed by using the ApoBrdU DNA Fragmentation Assay Kit according to the manufacturer's instructions (K401-60, BioVision, Heidelberg, Germany).
Flow cytometry. Polyclonal cell lines ptk6:ctrl, ptk6:CHOP-HA, and ptk6:CHOP-HA [S78/81A] (2 Â 10 4 cells ml À 1 ) were seeded into T-25 cell culture flasks (n ¼ 5) (Sarstedt AG, Nümbrecht, Germany) and cultivated in media supplemented with interferon-g at 33 1C. When cell monolayers reached 70% confluency, cells were detached using Trypsin/EDTA (Life Technologies GmbH) and resuspended by pipetting to single cells. Five milliliters of medium was added, and cells were centrifuged at 300 g for 5 min. Cell pellets were resuspended in 5 ml ice-cold PBS (Life Technologies GmbH) and centrifuged at 300 g for 5 min. For fixation, cells were incubated in 2 ml ice-cold 70% ethanol on ice for 1 h. Later, cells were centrifuged at 300 g for 5 min and washed twice with 1 ml ice-cold PBS. A total of 100 ml RNasesolution (100 mg ml À 1 in PBS) was added, and cells were incubated for 5 min at RT. Also, 800 ml propidium iodide solution (50 mg ml À 1 in PBS) was added, and cells were incubated for additional 15 min at RT and 10 min at 37 1C. A total of 20,000 cells were analyzed using the BD FACSDiva software (BD Biosciences).
Statistical analysis. All statistical computations were performed by using SigmaPlot 11.0 (Systat software, Erkrath, Germany). Differences between groups were considered statistically significant if Po0.05.
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at http://www.nature.com/mi
